INTRODUCTION
Estimating the free electron density is of great interest since unmodeled variability in the ionosphere has placed significant limitations on the accuracy of navigation applications. For this reason, efforts by radio scientists to image the electron density distribution in the Earth's ionosphere have been ongoing for decades (Austen et al., 1988) . Some of the early work used tomographic techniques on data obtained from the United States' Navy Navigation Satellite System (NAVSAT) satellites. These initial results produced the first calculation of a two-dimensional ionosphere reconstruction from a network of receivers on the ground. The introduction of the Global Positioning System (GPS) satellites provided a geographically extensive data source that further improved this solution (Komjathy, 1997; and Manucci et al., 1998) . These methods use data assimilation techniques to combine data from various sources and prior model estimates to obtain a statistically optimal estimate of a state vector that models the ionosphere. With these techniques, researchers have expanded their capability to obtain inversions in four-dimensions (Yeh and Raymund, 1991; Fremouw et al., 1992; Bernhardt et al., 1998; and Bust et al., 2001) , while recent research has moved towards improving the real-time specification of the ionosphere . These recent advances in nowcast data assimilation systems have made it possible to determine ionosphere model values in realtime, but the accuracy of these new models requires further assessment.
One such newly-implemented, real-time model, United States -Total Electron Content (US-TEC), which estimates ionosphere electron density, has been developed by the National Oceanic and Atmospheric Administration's (NOAA) National Geodetic Survey (NGS), NOAA's Space Environment Center (SEC), and the Cooperative Institute for Research in Environmental Sciences (CIRES) at the University of Colorado in Boulder.
US-TEC is currently under installation for operational use at the SEC in Boulder, Colorado.
However, to date, no formal validation has been published concerning the accuracy of US-TEC, although a concurrent study is underway (Araujo-Pradere et al., 2006) . The research presented here provides validation groundwork by comparing MAGIC, the analysis version of US-TEC, with an independent observation system and solution method for the electron density.
MAGIC uses GPS observations from the NGS' Continuously Operating Reference
Stations (CORS) network or other GPS data sources to construct a four-dimensional electron density model of the ionosphere (Spencer et al., 2004) . The TEC along a line-ofsight between any two points at any time may be obtained by integrating along the path through the three-dimensional time-dependent MAGIC model. Any such path in the MAGIC model may be compared to an independent data source for validation.
The Fast Onboard Recording of Transient Events (FORTE) satellite (Jacobson et al., 1999) operated by the Los Alamos National Laboratory (LANL), in Los Alamos, New
Mexico, provides this independent data source. The FORTE satellite data estimates the path TEC by analyzing the dispersion or difference in group arrival time vs. frequency of a radio signal from a pulsed VHF transmitter located at Los Alamos.
A root mean squared error (RMSE) statistically compares a set of 178 FORTE 
MAGIC OVERVIEW
The MAGIC software package was developed to specify the Earth's ionosphere in three spatial dimensions and time. Following the discussion in Spencer et al. (2004) , this software determines the ionosphere electron density field by using tomographic techniques to assimilate a collection of slant path measurements from the CORS GPS system. MAGIC uses a Kalman filter (Kalman 1960; Kalman and Bucy, 1961) as the data assimilation algorithm and the 1995 International Reference Ionosphere (IRI95) model (Rawer and Minnis, 1984; Bilitza, 1990; Bilitza et al., 1993; Bilitza, 1997) to provide the propagation model for the state in the Kalman filter. The Kalman filter method provides a statistically 'best' estimate of the state whose error has been optimally reduced based on the minimum variance form of the least squares solution given timedependent observations and a prior model estimate of the solution (Tapley et. al, 2004 ).
The MAGIC model uses a set of empirical orthonormal functions (EOF's) to characterize the vertical variation in electron density through the ionosphere. A typical set of three EOF's is illustrated in Figure 1 . These orthonormal functions are calculated at the start of each day using a singular-value-decomposition algorithm based on the vertical density profiles from the IRI95 model. The resultant model provides a succinct representation of the electron density field in four-dimensions.
Figure 1. Example of empirical ortho-normal functions (EOF's).
In MAGIC and US-TEC, the Kalman filter uses the IRI95 model to propagate the state and its associated covariance matrix to the next observation set, every 15 minutes.
The forward propagation of the state is constructed from a weighted linear combination of the relative spatial/temporal gradients in IRI95 and an absolute estimate from IRI95.
The MAGIC results in this paper follow the operational setting for US-TEC, where 90% of the state propagation is based on the variation in IRI95 and 10% of the propagated state is represented by climatology. These proportions follow the settings for US-TEC, although no formal analysis has been performed to determine if these settings are optimal. Correlations are assumed between neighboring grids in the latitude and longitude directions where the amount of correlation decreases with distance, based on a Gaussian function. No covariance, and therefore no correlation, is assumed in the radial direction. Model errors are also included in the propagation of the state covariance.
Details can be found in Spencer et al. (2004) .
The primary differences between US-TEC and MAGIC are: US-TEC is a realtime operational system and MAGIC can be applied to past data sets. Since the CORS stations used by US-TEC and MAGIC are located only within the US and Central America, the US-TEC and MAGIC models are most accurate over these regions. US-TEC and MAGIC can extrapolate its solution over nearby outlying areas, in part because the low-elevation raypaths from this region extend for several thousand kilometers beyond its edges, but the errors in the US-TEC/MAGIC solution will increase as one moves away from the station network. Plans are also underway to include more stations in the operational system, US-TEC, particularly in currently datasparse regions, which should improve the accuracy of the operational system. Results later will show how the variation in the number of stations in MAGIC affects the RMSE. 
FORTE Overview
The FORTE satellite (Jacobson et al., 1999) Typically the ionosphere-refracted signal from a radio pulse has a group delay that varies as f -2 for higher frequencies in this passband, approximately f > 50 MHz, but whose variation versus frequency is stronger than f -2 for lower frequencies (RousselDupré et al., 2001) . Ultimately, at the lowest frequency supporting a transmission path from the ground to the satellite, the group delay diverges and is not representable by a power series in 1/f. At this point, an exact treatment of the fully anisotropic dispersion relation is required (Moses and Jacobson, 2004) . In fact, the higher-order divergence of the group delay at this propagation cut-off provides a wealth of diagnostic information about the ionospheric structure. For this study, the use of FORTE is confined to those pulse recordings of signals emitted by the Los Alamos Portable Pulser (LAPP), a research facility for transmitting cooperative VHF pulsed signals to satellites, for use in characterizing those satellites' radio receivers (Holden et al. 1995 : Massey et al. 1998 ). An example of a FORTE recording of a LAPP pulse is shown in Figure 5 . Note the splitting of the signal at lower frequencies into two propagation modes, due to the magnetic anisotropy of the ionospheric dielectric (Massey, 1990; Roussel-Dupré et al., 2001) . Prior to analyzing these data for the present study, the problem could be reduced to a series of precise (to within ± 0.05 µs) determinations of the group delay for both magnetic modes. These discrete data on group delay were then fitted by the ray-trace model. The model outputs a slant TEC that is integrated over the slant line-of-sight between the LAPP and the satellite. These slant TEC's are the FORTE inputs to the current study.
RESULTS
The angle is expected for two reasons. First, the raypath bending effects in the FORTE data increase with decreasing elevation angle (Davies, 2005) , and second, the errors in calculating and correcting for this bending are expected to increase as well. In the case of the MAGIC data, the raypath bending is negligible because the frequency is much higher (1.5 GHz instead of tens of MHz). However, the modeled MAGIC TEC values at low elevation angles become more sensitive to errors in the vertical profile of the ionosphere.
The vertical profile is one of the most difficult features to sense with ground-based data because all of the observation raypaths pass through the entire ionosphere. None are restricted to any particular height, which would provide better sensitivity to height variations. In figure 7 , the increase in variance at low elevation angles at with smaller numbers of CORS stations probably reflects a decreased ability to sense the vertical profile with fewer CORS data. However, as the number of CORS stations increases past 60 or so, the low elevation angle variance stabilizes, probably at or near the level where the errors in the FORTE raypath calculations begin to dominate the problem. The second column in Table 1 indicates that the total error between the FORTE and MAGIC solutions can be reduced to less than about 2.8 TECU if a large enough number of stations is used in the MAGIC solution. The RMS error appears to approach a 'floor' around 2.7 TECU as the number of stations increase. This number more correctly provides a 'worst-case' scenario value since the systematic errors due to the FORTE signal path bending and MAGIC sensitivity to vertical profile variations have not been considered. Both sources are probably contributing to the differences, although the individual contribution is unknown.
The TEC values for MAGIC vs. FORTE are plotted in figure 9 for all 178 observations using 60 CORS stations. Although this study uses data from disturbed periods, it is not possible to draw conclusions about MAGIC's accuracy during geomagnetic storms because of the lack of data on storm days.
The RMSE values in this study show similarities to a concurrent US-TEC/MAGIC validation study (Araujo-Pradere et. al, 2006) , which uses an entirely separate data source and solution method. The study by Araujo-Pradere et al. uses a method, termed differential validation, to compute the increase in phase difference error with time for a particular satellite and receiver pair. If one begins with a 0 phase difference at time = 0, the phase differences will increase with time and the inversion error along each raypath will begin to match the actual error in the US-TEC/MAGIC inversion. This differential validation method indicates an average error of about 2.4
TECU when approximately 60 CORS stations are used, which includes quiet and geomagnetically disturbed conditions. This value from differential validation matches, within a TECU, the RMSE values determined in this study as indicated in Table 1 One should point out that several limitations may exist in this study, and on-going validation of the FORTE and MAGIC systems will be necessary. One such limitation, for example, comes from analyzing data at a single location only. The LAPP transmitter, located at Los Alamos, New Mexico, lies near the middle of the CORS station network, insuring optimal coverage. It is not known how accuracies will decrease as one moves away from the primary coverage area. Additionally, it is unknown how this system will perform during storm conditions or how much FORTE or MAGIC contribute individually to the total error, as other examples. Although more validation will be necessary, the results presented here provide some initial insights into the accuracies of the FORTE and MAGIC systems.
